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Introduction
Ceramic semiconducting materials exhibit electrical and optical characteristics that can be utilized in a range of electronic devices, so it is of great technological importance to control electron transport to and through such materials. A prime example is ZnO, which is a well-known semiconductor 1 that shows promise in electronic device applications ranging from transparent transistors 2, 3 to chemical sensors. [4] [5] [6] ZnO can manifest humidity-related changes in its electronic properties such as resistivity, rectification, and capacitance. 5, 7, 8 Different mechanisms to explain the origin of humidity effects for metal oxide materials have been proposed, including temperature-dependent or voltage-dependent chemisorption. 7, [9] [10] [11] Here we show that electrochemically prepared ZnO rectifying (Schottky) junctions have current-voltage relationships that are influenced by relative humidity changes at ambient temperatures due to a water electrolysis mechanism, 12, 13 and that their responses can be qualitatively changed by varying electrolyte pH during electrodeposition or by adding post-deposition coatings. These findings highlight the effect that wet or humid environments can have on electron transport materials.
The relationship between humidity and electron transport in ZnO has been investigated in diverse contexts. For example, ZnO has been widely studied as a ceramic material for humidity sensing applications. 5, 7, 8, 10 When used in rectifying pn heterojunction humidity sensors, it has been proposed that the electrolytic decomposition of water at the junction continually refreshes the surface to prolong device operation. 13 In contrast, other studies have shown that electrolysis of condensed water can contribute to undesirable degradation in ZnO-based varistors 14 that are exposed to water vapor during the course of their normal operation.
ZnO-based Schottky junctions are typically fabricated using high temperature, high vacuum, or sol-gel processes. [7] [8] [9] Our alternative approach is to use electrochemical deposition to form the rectifying junction. Electrodeposition is a technique that has been used to make ZnO thin films, [15] [16] [17] [18] [19] but reports of its electrical resistivity have more often been associated with its function in multilayer systems [20] [21] [22] [23] rather than ZnO alone. 24 Furthermore, none have investigated the impact of humidity changes on electrical responses in electrodeposited ZnO, despite the fact that this synthe-Shawn Chatman and Kristin M. Poduska
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ZnO electrosynthesis
We electrodeposited thin films of ZnO by modifying 19 an existing procedure based on nitrate reduction in aqueous electrolytes. 15 Yoshida et al. have reported that the formation of ZnO in this process is due to a multi-step precipitation/reduction reaction at the working electrode surface, 16 as shown in Equations 1 and 2.
Zn 2+ ions adsorbed on the working electrode surface facilitate the reduction of nitrate to nitrite, producing excess hydroxide ions and increasing the local pH. This pH increase allows the formation of Zn(OH) 2 on the surface of the working electrode, which spontaneously decomposes to ZnO at temperatures above 50 • C. 16, 18 Previous work from our group addressed the synthesis conditions required for ZnO electrodeposits displaying either ohmic or rectifying contacts with the underlying conducting metal substrates. 24 In the present work, we identify an expanded range of deposition conditions that can be used to synthesize rectifying ZnO contacts -with dramatically improved performance -by adjusting electrolyte pH. Samples were deposited at potentials ranging from -2.0 V to -0. 
Electrical properties
The current-voltage (I-V) characteristics of electrodeposits were collected with either a Hokuto Denko HA 501 potentiostat or a Keithley 2100 Sourcemeter under varying humidity conditions.
Relative humidity was controlled using a sealable plastic cell with adjustable vents. Dessicant and water vapor were used to adjust the relative humidity of the cell between 15 and 85% (±7%).
All DC data were were collected and analyzed with LabVIEW (National Instruments, customized in-house). Electrical connections to the samples involved low-resistance (< 1 Ω) ohmic stainless steel or aluminum compression contacts. Contact areas (∼ 4 mm 2 ) were large compared to individual crystallite sizes (typically 100-1000 nm in diameter), so we assume that all electrical measurements involved conduction through and/or across many ZnO grains.
Results and Discussion

Electrodeposit characterization
XRD data from electrodeposits ( Figure 1 ) were compared with standard diffraction data for hexagonal ZnO (JCPDS 36-1451) and zinc metal (JCPDS 04-0831). 25 All observed peaks can be indexed to either ZnO or the substrate. However, the presence or absence of Zn metal is difficult to confirm definitively from XRD data because two of the strongest Zn Bragg reflections would appear near (and overlap with) the ZnO (101) and substrate peaks. . 25 Bragg peaks due to the stainless steel substrates are marked with an asterisk (*).
Although the electrodeposits appear to be phase-pure based on XRD data, investigations of the ZnO/substrate interface suggest that compositional differences do exist. To facilitate SEM and EDX investigations, the substrate-supported electrodeposits were coated with epoxy and then immersed in liquid nitrogen to separate the ZnO from the steel substrate, allowing for comparative analysis at both the ZnO/air and the ZnO/substrate interfaces. Differences in the contrast of backscattered electron images from the two ZnO interfaces, in conjunction with elemental composition information from complementary EDX measurements, suggest that there is a higher Zn content at the ZnO/substrate interface. We note that high Zn content at this interface coincides with rectifying current-voltage responses, described in more detail elsewhere. 24 
Effects of synthesis conditions on rectifying behavior
The rectifying function of an ideal Schottky junction is based on the relative Fermi energy levels between a n-type semiconductor and metal, 26 as shown schematically in Figure 3 . If, when isolated, the Fermi energy of the semiconductor is higher than that of the metal, then electrons in the semiconductor will move to the lower energy states in the metal to equilibrate the Fermi energies, once contact is established. As a consequence, electrons in the semiconductor encounter a potential barrier, V Bi , that limits flow into the metal. This barrier can be reduced by applying a positive voltage to the metal to enable thermally excited electrons to flow, creating a forward bias current.
Conversely, the barrier height can be increased by applying a negative bias voltage to the metal substrate. Ideally, as the negative bias increases, conduction through the junction will approach a limiting saturation current. In practice, however, very high voltages will cause a reduction in the barrier height leading to non-negligible tunneling current in the reverse direction (soft breakdown).
We analyzed the rectifying responses of electrodeposited ZnO/metal junctions that were prepared at different bulk electrolyte pH values and deposition potentials, summarized in Figure 4 .
Our experiments encompassed the viable pH range for the ZnO electroprecipitation reaction: for pH values ≥ 7, spontaneous precipitation of Zn(OH) 2 interferes with ZnO formation, 18 while pH values ≤ 3.5 yield substantial Zn metal deposition that degrades the integrity of the semiconducting pathway through the sample. Figure 4 shows that ohmic ZnO/substrate contacts form at more positive deposition potentials (with resistances of 1-10 Ω), while rectification occurs in samples prepared at more negative deposition potentials (with resistances of 10 5 -10 6 Ω), consistent with earlier findings. 24 There is also an intermediate range of deposition potentials for which either ohmic response or poor rectification (with pronounced soft breakdown) can result; in other words, there is poor selectivity between linear and rectifying behaviors for these deposition potentials. Nevertheless, the current-voltage response of any single sample is repeatable and does not .
This expression describes the idealized exponential increase in forward current with increasing forward bias voltage, [27] [28] [29] where J is current density, e is the electron charge, I is current, k is Boltzmann's constant, V is voltage, R is the series resistance, T is temperature, n is the ideality factor, and A * is Richardson's constant (32 A/cm 2 K 2 ). Table 1 Rectifying ratios show a dramatic increase for junctions prepared in less acidic deposition electrolytes ( Figure 5 ). Regardless of electrolyte pH, Schottky barrier heights for our electrodeposited
ZnO junctions compare well with values for junctions synthesized by other methods. [27] [28] [29] 31 Ideality (n) values for all electrodeposited Schottky junctions are greater than 2, indicating multiple conduction pathways. 31, 32 It is not entirely clear why the more acidic electrolytes yield samples with more soft breakdown and correspondingly lower rectifying ratios. Scrutinizing the XRD data for pH-dependent differences in preferred orientation (from peak height comparisons) or particle size (from peak broadening) did not yield an obvious correlation across the entire range of pH values studied, nor do optical absorption edge data offer additional insights. However, we did observe that deposits prepared at the most acidic pH values (4.0) showed a substantial decrease in the (002) orientation that is widely observed in ZnO electrodeposits. [16] [17] [18] [19] We also observe that rectifying junctions prepared from the most acidic electrolytes have the lowest resistances (∼1 Ω at pH 4 compared to
Based on these investigations of junction performance as a function of electrodeposition conditions, we conclude that deposits prepared from pH 6.5 electrolytes show the best diode functionality without the risk of spontaneous Zn(OH) 2 precipitation. Thus, all subsequent data is presented for electrodeposits prepared from electrolytes with this pH using a deposition potential of -1.1 V.
Humidity effects on rectification
Previous studies have indicated that ZnO/CuO based rectifying pn junctions, which are operationally similar to Schottky junctions, are sensitive to changes in relative humidity when forward biased. 13 The humidity-dependent responses of this and similar systems 7, 11 has been attributed to water electrolysis at the positive and negative sides of the junction. A schematic diagram of the water electrolysis reaction, given in Figure 6a , depicts the oxidation and reduction reactions that occur at the anode and cathode, respectively. For comparison, Figure 6b shows that water vapor can adsorb to the ZnO/air interface, and this water can be electrolyzed when the ohmic compression contact acts as a cathode while the ZnO acts as an anode (foward bias condition).
The protons generated at the anode diffuse and can be reduced to hydrogen by electrons at the cathode surface. Combining current responses due to the ideal Schottky junction conduction (Equation 3) with the electrolysis-generated proton conduction yields a total current density expression with three components:
where C is a constant, and k f and k r are the forward and reverse reaction rates from Equations 5 and 6. The second term in Equation 7 is due to the physisorbed water electrolysis and increases with both humidity and voltage increases. The third term counteracts the forward bias current and is due to the oxygen partial pressure of the system. 13 The rectifying behavior of the Schottky contact ensures that there is little reverse bias current, even in the presence of water electrolysis. We note that relative magnitudes of the protonic conduction, based on electrolysis and charge movement Figure 6 : Schematic diagrams illustrate (a) the water electrolysis reaction that can occur between two metal electrodes, and (b) where the water electrolysis reaction occurs in the electrodeposited Schottky junctions (in the water adsorbed at the ZnO/air interface). The corresponding junction energy band diagram (c) emphasizes that the rectifying junction occurs at the ZnO/substrate, while an ohmic contact exists between the ZnO/air interface and the metal compression contact.
through adsorbed water, and the Schottky (thermionic emission) current are dependent on applied bias voltage. In our samples, the current resulting from the electrolysis-generated proton conduction (∼ 10 mA) greatly outweighs the contribution of the Schottky current (∼ 10 − 100 µA). Due to the polycrystalline nature of our samples, grain boundary contributions dominate the electrical resistance of our samples relative to the thickness-dependent resistance of the ZnO itself. This fact, in conjunction with the surface-based water electrolysis mechanism, implies that the details of the ZnO/air interface are more important for the magnitude of the forward current flow (which can vary by an order of magnitude, from 100 to1000 µA) than film thickness (with smaller percentage uncertainties of 1.0 ± 0.2 µm). However, higher relative humidities lead to noticeable signs of soft breakdown at reverse bias, as well as increased noise at forward bias. At the highest humidities (> 70%), the forward current can also show erratic responses, in both direction and magnitude, to humidity changes. Nevertheless, the ZnO electrodeposits display excellent adherence to the substrate, even with repeated cycling to high (75-95%) relative humidities. There were no other visible signs of sample degradation, such as color changes, 14 upon repeated exposure to high relative humidities and bias voltages. While these electrodeposited junctions do exhibit humidity-sensitive I-V responses under sweeping voltage conditions for constant relative humidities, they do not function effectively as traditional humidity sensors that operate at a fixed bias voltage in changing relative humidity environments. For example, although abrupt current changes are observed in junctions forward biased at 1-2 V when exposed to intervals of alternating 50% and 80% relative humidities, there is also substantial drift in the current in between these humidity changes. Thus, it is not possible to calibrate the junction so that a specific current indicates a specific relative humidity value. Additional details, including a representative plot of current vs. time for junctions exposed to different relative humidities, is provided as Supplemental Information.
For completeness, we note that ohmic electrodeposited ZnO/substrate junctions are also affected by humidity, but the effects are much less pronounced. The humidity-dependent increase in resistance is ≤ 1% (1-5 Ω) for ohmic samples cycled between 15% and 80% relative humidity. In the context of the water electrolysis mechanism described above, proton conduction (∼ 10 mA) is negligible compared to the larger currents that can flow through the lower-resistance ohmic samples (400-600 mA at 2 V), leading to a much weaker humidity-related effects.
Surface coating effects on rectification
Since erratic current responses in our junctions are more prevalent at high relative humidities, it is possible that this problem is due to a dynamic contact area between the ZnO and metal pressure contact as more water vapor adsorbs and begins to condense at the junction for the highest humidity levels. (This effect could be separate from the water electrolysis-based degradation that has been observed in other ZnO-based devices. 14 ) To this end, we investigated the effect of thin surface coatings, applied post-electrodeposition, at the ZnO/air interface.
Hydrophobic coatings and materials have been widely studied recently, but there has been little focus on the role that hydrophobicity can play in controlling the electronic response of ceramic rectifying junctions. Some reports have used hydrophobic coatings to preserve the integrity of humidity sensitive polymers. 33, 34 Our results suggest that this is an avenue worth investigating to
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We find that adding a hydrophobic coating, to change the way that water adsorbs and condenses the ZnO/air interface, can lead to improved rectifying responses of our junctions. Best results were obtained by applying a thin layer of aliphatic petroleum distillates (Stoddard solvent, mean molecular weight 144 g/mol, dissolved in a 1:10:10 mixture of xylene, propane and butane, Kiwi Outdoor Camp Spray). These layers accentuate the natural hydrophobicity of our ZnO electrodeposits. (This hydrophobicity, consistent with other reports, 35 is due in part to the surface roughness of the electrodeposits. 19, 24 ) Assessments of coating continuity and thickness using AFM showed that the hydrophobic layers appear continuous on length scales greater than ∼ 100 nm and typically vary in thickness from 10-60 nm. Pooling of the coating mixture does occur in deep features of the deposit, leading to substantially thicker coatings in some places. The continuity and thickness of the hydrophobic coating can impact how effectively it sup-presses soft breakdown in the junctions at higher relative humidities. For example, thin layers of silicone (applied in a manner similar to the petroleum distillates) did not coat the junctions as uniformly, leaving some exposed regions. The corresponding Schottky responses showed somewhat improved rectification over uncoated samples, but more soft breakdown occurred relative to the data shown in Figure 8 . In other experiments, more complete electrically insulating coatings were applied by submersing junctions in a solution of 5 mM octadecyltrichlorosilane (OTS) in toluene while confined to a dessicated glove box, following a method reported earlier. 35 This procedure yielded coatings whose continuity and thickness were comparable to the sprayed coatings, according to AFM investigations. However, through-sample resistances were prohibitively high (0. For comparison, we also addressed the effect of metallic coatings that still preserve enough surface roughness to allow the samples to remain hydrophobic. Aluminum (65 ± 15 nm or 200 ± 30 nm thicknesses) were thermally evaporated at 10 −3 torr onto rectifying ZnO deposits. After coating, sample resistances fell from ∼ 10 6 Ω to ∼ 1 Ω, eliminating the rectifying responses. Although cross-section SEM shows that our films are largely continuous, these resistance measurements suggest that aluminum may permeate pinholes in the film (Figure 2a) , bypassing the conduction pathway through the bulk ZnO and effectively short-circuiting the Schottky junction. Aluminum could also be in contact with the ZnO depletion layer, which would adversely affect the desired Schottky band bending at the ZnO/metal substrate interface.
Conclusions
The quality of the rectifying responses in electrodeposited ZnO/metal junctions, including the magnitude of currents during forward bias and soft breakdown effects during reverse bias, can be optimized by adjusting the deposition potential and the bulk electrolyte pH. These two parameters can be used to control the propensity to form the Zn-rich interface (during the initial stages of film growth) that causes the rectifying behavior. Additionally, hydrophobic coatings at the ZnO/air interface can further decrease soft breakdown and improve the rectifying ratios at moderate relative humidities, if the coatings are both continuous and do not electrically insulate the ZnO from the ohmic compression contact. We expect that this use of post-deposition surface coatings could be relevant for other inorganic materials and devices whose electronic operation is degraded in humid or wet environments.
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